We demonstrate for the first time an imaging fibre bundle ("hexabundle") that is suitable for low-light applications in astronomy. The most successful survey instruments at optical-infrared wavelengths today have obtained data on up to a million celestial sources using hundreds of multimode fibres at a time fed to multiple spectrographs. But a large fraction of these sources are spatially extended on the celestial sphere such that a hexabundle would be able to provide spectroscopic information at many distinct locations across the source. Our goal is to upgrade single-fibre survey instruments with multimode hexabundles in place of the multimode fibres. We discuss two varieties of hexabundles: (i) closely packed circular cores allowing the covering fraction to approach the theoretical maximum of 91%; (ii) fused noncircular cores where the interstitial holes have been removed and the covering fraction approaches 100%. In both cases, we find that the cladding can be reduced to ~2μm over the short fuse length, well below the conventional ~10λ thickness employed more generally. We discuss the relative merits of fused/unfused hexabundles in terms of manufacture and deployment, and present our first on-sky observations.
INTRODUCTION
Historically, telescopes were used to observe one source at a time on the celestial sphere. But with advances in optical fibres, it was realized in the early 1980s that many sources could be observed across the telescope focal plane simultaneously by positioning optical fibres across the field (Barden et al 1981; q.v. Gray 1983) . This led to an explosion in wide-field astronomical surveys: the Two Degree Field Galaxy Redshift Survey, the Six Degree Field Galaxy Survey, the Sloan Galaxy Redshift Survey, to name a few, which between them have obtained spectra on more than a million extragalactic targets. New instruments recently commissioned (e.g. LAMOST) or in construction (e.g. HET/VIRUS) are able to observe thousands of sources at a time. But all of these machines suffer a common problem. For many of the targets in these huge surveys, the aperture of the optical fibre encloses only a fraction of the available signal. In other words, the celestial sources are spatially extended. The measured signal depends on many things: (i) intrinsic properties like source luminosity, size and distance, (ii) atmospheric conditions, (iii) instrumental properties like fibre aperture size and optical focus over the field, (iv) pointing and positioning accuracies, and so on. Many published papers make the mistake of assuming the surveys provide spectrobolometry rather than spectroscopy, and then go on to extract 2 nd or 3 rd order measures from the data to arrive at some important insight. The inherent dangers of aperture effects are long known in astronomy and rarely appreciated. Readers are encouraged to understand the findings of Ellis et al (2005) with regard to aperture effects, in particular, their Fig. 8 ! With the advent of adaptive optics and ever-increasing telescope apertures, essentially all of the sources studied to date can be spatially imaged with ground-based telescopes. This argues for a new photonic imaging device that has the flexibility of an optical fibre and can be positioned over the wide focal plane with existing robotic technology -we refer to such a device as the hexabundle. Fig. 1 . Fused fibre formats (top) and unfused fibre formats (bottom) for 1, 7, 19, 37, 61, 91 and 127 cores. The relative physical sizes are also shown. For a core size of 100μm, all of these formats can now be manufactured by our industrial partners. The largest device shown here has a diameter of less than 1.5 mm which falls well within the space envelope of existing robot grippers, even allowing for the protective jacket (see text).
In this paper, we describe the development of the hexabundle along with some early test results. We refer the reader to Bryant et al (2010) for a more definitive study. We close by presenting our first on-sky measurements.
EARLY CONSIDERATIONS
Consider Fig. 1 . For the unfused fibres, one imagines that the only deleterious effect in the fibre transmission is the focal ratio degradation (FRD) normally associated with multimode optical fibres. In contrast, the fused fibre formats provide the best covering fraction at the expense of distortion of the fibre cores. This case is analogous to microlens arrays with hexagonal elements, where one finds additional FRD, sometimes referred to as geometrical FRD, due to the hexagonal pyramid of illumination onto the fibre being converted to a conical beam at the fibre output. There is also some reflection loss at the lens surfaces and some loss due to imperfections at the corners of the lenses. For a fused fibre bundle, in which the individual cores are near hexagonal, there is bound to be an effect analogous to the geometrical FRD with the hexagonal lens array. It appears, from simple geometrical Zemax simulations, that there is no FRD directly attributable to having a polygonal rather than a circular cross section (nor even a square cross section), so long as the polygon does not change along the fibre length. But there is likely to be some additional FRD in the transition to a circular fibre core.
A case can be made that the fused format is intrinsically superior to the unfused format because it samples the object in the spatial domain more completely. But if there was no spatial frequency content with a pitch less than twice the interelement spacing, then the sampling theorem indicates that no information is lost in reconstructing the image. It may seem that, for cases in which higher spatial frequencies were significant, there is an argument in favour of the near-contiguous sampling with the fused format. However, it is often the case in galaxy surveys that the observations are read-noise limited such that multiple dithered exposures can be taken of the same source. For a moderately stable atmosphere, the reconstructed images can often show very good sampling properties consistent with near-contiguous sampling.
For a large number of circles close packed in a hexagonal array (so that the outer periphery effect can be disregarded), the fraction of area within the circles is equal to f = π/√12 ≈ 91% although the presence of cladding will reduce this, as we show, but not by much! For the fully fused fibres, the fill fraction can be higher than 91% depending on the cladding thickness. In passing, we note that the fill fractions discussed here are much higher than achieved to date for astronomical uses. For example, the state-of-the-art fibre bundles being developed for the VIRUS instrument on the Hobby-Eberly telescope have f ≈ 33% (Hill et al 2008) .
So does a commercial product exist with f ≈ 90% ? The short answer is no. Initially, we investigated a wide range of commercial products only to find inter alia that none of these preserve the integrity of the input signal and/or transport light with minimum insertion loss along their lengths. As our starting point, we considered the principle of multimode beam combiners and high power pump combiners. These are manufactured either with PCF techniques or with fused fibre bundles. Hexagonal configuration of n MMFs are used to transport light from n laser diodes to a single focal point. The NA on output can be considerably higher than the NA of the individual MMFs in order to focus the laser output and achieve high laser brightness. Typical insertion losses are very low going from low NA to high NA but, until the present research, never in reverse (typically 3-5 dB in the other direction).
Before we describe the new devices, we touch on the issue of cheap spectrographs. This is a fundamental requirement that must be met if a multi-object hexabundle spectrograph is to be a viable front-line instrument.
CHEAP SPECTROGRAPHS
In Fig. 2 , we illustrate the case for two hexabundles positioned across the focal plane of a telescope. In practice, our goal is to deploy hundreds of these devices over the widest possible angular field, i.e. of order degrees on 2-8m telescopes.
Such an instrument will need to employ a large number of cheap spectrographs to receive the output of many thousands of fibres. As a benchmark, the 2dF instruments used two spectrographs to receive 800 fibres from the focal plane at a total cost of $1.6M. A budget of $2000 per fibre is too high by a factor of ~5 if we are to achieve an affordable multiobject hexabundle spectrograph employing 200 bundles, each with ~200 cores, say. The HET/VIRUS instrument employs ~190 spectrographs to accept the light from 40,000 individual fibres at a cost of $450 per fibre (G. Hill, personal communication) . This is roughly comparable to the cost per spatial element achieved by the VLT/MUSE team (R. Bacon, personal communication). Thus, it is now possible to replicate spectrographs at a cost of about $100K each (optics+detector+dewar+electronics). We have carried out preliminary design studies to show that our envisaged hexabundles can operate with both the VIRUS and MUSE spectrographs. For the hexabundle concept to move forward, it is essential that costs are kept to ≤$500 per fibre. Initially, this was a major concern but we believe that this obstacle has been overcome, at least in principle. 
HEXABUNDLES
In order to carry out a differential study, we investigated both fused and unfused fibre bundles with our commercial partners NKT Photonics (formerly Crystal Fibre). We explored just how well fibre bundles can be fused together into solid element but in such a way that the NA can be controlled along the MMF.
Fused hexabundles
In Table 1 , we list the key parameters and measurements of our first two 1×61 (one input; 61 outputs) fused hexabundles. These were made to be roughly 4-5m in length to allow for testing at the Morehead 0.61m telescope by G.N. Cecil at the University of North Carolina. The initial cladding layer of 125μm needed to be etched away over a distance of ~2-3 cm to realize a higher packing fraction. This etching process is described in Section 4.2.
The fibres were inserted into a glass tube and gradually fused along the length of bundle. The fusing power and duration was so high that the interstitial holes completely disappear. The end of the bundle is inserted into a specially-made FC/PC connector using slow cure, low-stress epoxy glue. The end of the connector was polished using standard telecom polishing equipment and procedures (UPC standard).
For mechanical protection, a long aluminium tube was attached to the back-end of the connector. Soft silicone glue was pumped into the aluminium tube to surround the glass element. A length of steel re-enforced cable was attached to the aluminium tube using hard epoxy glue. The other end of the cable was terminated with a similar aluminium tube. At the end of this aluminium tube, the inside was lined with soft rubber so that the fibres do not make contact with the potentially sharp metal. After polishing, both bundle facets were inspected to ensure that the bundle is fully fused and to verify the polishing quality. Micrograph images are shown in Fig. 3 : the outer reflecting steel ferrule of the connector can be seen at the corners (white). Inside, the darker (non reflecting) glue can be seen. The polished glass facet can be seen as different shades of grey (core lighter than cladding with random fibre ends illuminated). A higher magnification image is also shown of the details of the fused bundle. It is clear that the structure is fully fused and that no interstitial holes are left (cf. Fig. 4 ).
Using a microscope to inspect the end facet of the connector, we identified and numbered each MM fibre at the back-end of the cable. The numbering is done according to Fig. 4 . The numbering is important to allow the devices to be consistently connected up to the slit block mounts; this work was carried out by OzOptics in Canada. We have made a movie available at http://www.physics.usyd.edu.au/research/sifa/astrophotonics/hexabundle.shtml showing the front face illumination of the hexabundle due to a light source irradiating fibres in sequence along the slit block. Initial characterisation. We now briefly describe the industrial characterization of the hexabundles prior to delivery. Bryant et al (2010) provides a more extensive and more rigorous analysis.
Optical transmission. We used three different lasers, emitting at 1064 nm, 1310 nm and 1550 nm. These lasers are all fibre pigtailed with a fibre cable with a FC/PC termination. One at a time, the light is coupled into a standard MM patchcord (core diameter: 600 µm) using a standard FC/PC mating sleeve. Using another FC/PC mating sleeve, the light is coupled from the MM patch cord into the fused bundle. The combined optical power out of the 61 individual MM fibre can now be measured with an integrating sphere. Comparing with the power emitted from the MM patch cord, the transmission loss found. The transmission loss for all wavelengths is measured to be 2±0.2 dB, corresponding to 37%.
Numerical Aperture. To measure the level of NA up-conversion (FRD), we used a 915nm Bookham MM diode laser. The light from the diode is coupled into the 600µm patch cord and the far field illumination (FF) is measured (green curve in Fig. 5) . The light is then coupled into the hexabundle device and, for a random selection of MM fibres, the FF is measured again. Note that there is significant up-conversion of the NA. To further investigate this, FFs for a number of randomly selected ports were measured; these are shown as black curves in Fig. 5 . It is clear that there are large differences between individual fibres that are due to bubbles in the fused section of the F-doped cladding glass which arise at high temperatures.
By comparing the properties of the hexabundle pair, we believe the mechanical packaging steps (glueing, connectorisation, polishing, cabling, etc.) are well under control and are reproducible. However, the results presented in Fig. 5 are sufficiently compromised that we decided to move forward with the unfused fibre development, particularly since the overall transmission loss of 37% (inclusive of area loss due to fill fraction < 100%) was not optimal. It is conceivable that a lower F-dopant concentration could improve the performance of the fused hexabundle, but at the expense of lower input fibre NA.
Unfused hexabundles
The fill fraction of circular fibres is given by where r is the core radius and δr is the radial cladding thickness (δr/r « 1). (A more general formula for any δr/r is f = (πr 2 /√12)(r+δr) -2 .) For no cladding, the filling or packing fraction has a maximum of 91% for circular cores. At optical wavelengths using 100μm cores (r=50μm), if we were to adopt a conventional cladding thickness δr ≈ 10λ to ensure efficient guiding up to a wavelength of 1μm, the filling fraction of the cores then falls to 55%. Therefore, a key consideration for unfused hexabundles is the extent to which the cladding can be etched down to some minimal thickness. 
is the fibre parameter (V»1 for multimode fibers), ρ is the fibre radius, d is the distance between fibre centres, and P 1 (0)
is the total power entering the first fibre. The other constants describe properties of the material. This has a clear dependence on cladding thickness (δr = d-2ρ), and on the distance (z) light propagates along one of the fibres. (It is not well known that remarkably the coupling between MMFs can be much less if the diameters differ by only a percent or two.) This is an important clue that it may be worthwhile to explore different values of δr or fuse length although the latter is limited by the Vytran fuser. We have explored these equations within the photonics simulation package RSoft for one or more neighbouring cores. We find that over the adopted short fuse length of the hexabundle (a few cm typically), the cladding thickness can be as small as δr ≈ 2 μm, equivalent to a fill fraction of f ≈ 84%, a factor of three improvement over the best fill fractions (e.g. HET/VIRUS) achieved to date. This cladding thickness is much less than the 10-100μm thicknesses exploited in all MMF-based instruments to date.
To explore different cladding parameters, we experimented with cladding thicknesses of 1, 2, 4, 6 and 8µm. We were able to achieve these with a high level of control and repeatability.
Etching. An optical micrograph of a fibre facet (e.g. Figs. 3, 4) has excellent contrast between glass and air but limited contrast between core and cladding glass. For this reason, the fibre diameter can be accurately measured while the core diameter, and thereby the cladding thickness, is associated with larger uncertainty. Since the cross talk as function of cladding thickness is central to our study, an accurate measurement of the cladding thickness is crucial, but also very difficult. To further improve accuracy, we carried out the following experiment: for various etch durations, we measured the outer diameter of the fibre accurately and plotted this quantity vs. etch duration. Since the F-doped cladding glass etches at a higher rate than the pure silica core material, the diameter vs. time plot shows a change in the slope corresponding to the core/cladding interface. From this calibration, knowledge of the etch duration is sufficient to accurately determining the remaining cladding thickness. Light Fusing. We refer to these bundles as "unfused" but, in practice, a small amount of fusing is required. From device to device, small adjustments had to be made since the volume of glass changed with the cladding etch. The adjustments are made to achieve the same "degree of fusing". This degree of fusing is estimated by the size of the interstitial triangle in between the fibres in the bundle. Looking at the centre port, the fusing is made so that about a third of the fibre surface is surrounded by air. This yields a compromise between small cladding and core deformation, high mechanical strength and low air filling fraction. In order to reduce stresses, it was necessary to change the silicone potting material so that it is significantly softer after curing (Durometer A ~ 35).
In Table 2 , we present a collage of the five manufactured 1×7 hexabundles. The micrographs of the facets are shown after polishing. For each device, low, medium and high magnification images are presented. Also, the minimum distance between two neighbouring ports has been measured. This distance depends both on the etching and the degree of fusing. This minimum Core-to-Core distance is referred to as "C-C" in Table 2 . The left column shows the cladding thickness calculated from the etch duration. Note that the barrier between two cores is twice the cladding thickness, i.e. a 2μm cladding leads to a 4μm cladding barrier between cores. This helps minimize cross talk between fibres but does not assist the guiding within an individual fibre.
The thicknesses, especially for the thin layers of F-doped glass, are difficult to measure accurately. However, there is a clear resemblance between what is calculated from the etch duration and what is measured on the polished facet. It is clear that the softer F-doped glass is "squeezed" together during fusing and deforms more so than the pure silica glass.
Preliminary measurements.
For the bundle tests, we used an ASE source based on Er-doped fibre. We spliced the SMF-28 fibre output to a few metre length of MM fibre similar to the fibre used in the devices. This fibre is then spliced onto one port at a time. For all ports, we measure transmission loss. After launching light into one of the 6 outer ports, we measure the far field illumination. Finally, we launch light into the centre port and measure the backward travelling light in all 6 outer ports (Fig. 7) . These measurements yield average transmission losses, cross talk and the degree of NA up-conversion (FRD). Our initial tests of cross talk, NA up-conversion and end-to-end transmission were extremely encouraging, but we leave a detailed discussion of these properties to the companion paper by Bryant et al (2010). Table 2 . A collage of the unfused hexabundles presented here (see text). The left column shows the cladding thickness calculated from the etch duration. The minimum distance between two neighbouring ports has been measured. This distance depends both on the etching and the degree of fusing. This minimum Core-to-Core distance is referred to as "C-C" in col. 5. In the final devices, the interstitial holes are filled with soft, low refractive index glue. By inspection of Fig. 7 , if we denote the cross-talk fraction by X and the Fresnel reflection by R, the cross-talk term can be expressed as follows:
Etch
The measurement data in Fig. 7 (right) clearly shows that a thinner cladding guides more weakly as expected. At some point, the light is so weakly guided that that it leaks into the neighbouring ports. This results in transmission loss and cross talk. To investigate the origin of the losses and the cross talk, we measured the far field illumination emitted from the bundles; the results are presented in Fig. 8 . The equipment used is a home-built automatic scanning system where the aperture for the detector is moved in two orthogonal directions on a sphere with the emitter facet placed at the centre. First, we set up the light source by splicing a spool of 105 µm MM fibre to our 0.12 NA ASE source (1530 nm). We then measured the far field illumination emitted from this fibre (reference curve in Fig. 8 ). For each of the 5 devices we spliced the MM fibre to one of the outer input ports and measured the far field illumination.
A more informative way of looking at the data (Fig. 8) is to integrate the power as a function of the divergence (solid) angle to achieve "power in the bucket". It can be seen that for decreasing cladding thickness, an increasing amount of light is scattered to very high divergence angles. If we use the 95% and 98% levels for determining the NA, the 2 devices with the thinnest cladding thicknesses have significantly increased "effective NAs" (divergence angles) on exit, whereas the others have NAs very close to the input. The data suggests that the losses and the divergence are coupled. Our explanation is that the light lost out of the fibres is due to light reaching the rough, etched surface/interface which is then scattered to higher divergence angles.
It can be seen that when decreasing the cladding thickness from 8µm to 4µm, a portion of the light shows increased divergence angles. We believe this to be due to tunnelling. When the cladding thickness gets smaller, the evanescent field strength increases and a larger part of the light "feels" the rough outer surface of the cladding. This light shows up as scattered light in large divergence angles or leaks out into neighbouring ports and can be detected as increased cross talk. The extreme sensitivity of our detector in the far field is such that we can detect light levels 6 orders of magnitude lower than the "unscattered" light levels. Even for cladding thicknesses reduced to 2µm, the losses and the level of NA upscattering are still below 10%. These preliminary results constitute our acceptance testing of the unfused hexabundles. Devices with cladding as low as 2µm (84% fill fraction) are ideal for use in wide-field imaging spectroscopy. A more detailed characterization is provided in our companion paper (Bryant et al 2010) . 
FIRST ON-SKY TESTS
In the past few months, one of us (GNC) has retrofitted a 1×61 fused fibre bundle to a Boller & Chivens spectrograph mounted at the Morehead 0.61m f/13.5 Cassegrain telescope at the University of North Carolina. The instrument has a 50 mm pupil, 450 grooves/mm reflectance grating used in 2nd order near 415 nm blaze peak. The 61 output MMFs are spread across four slit blocks (Fig. 9 ) that illuminate the collimator directly. The f/4 camera images the dispersed spectra onto an SBIG-8XMe 1530x1020 thermo-cooled CCD, for which the 9μm pixels are binned 2×2. The peak CCD QE is ~50% at 450 nm. In Fig. 9 , we show the outcome of observing a diffuse bright source, in this case the twilight sky. We find that the nominal 0.1nm spectral resolution is not degraded by the hexabundle. The fused bundle shows direct evidence of FRD: the f/13.5 expands out to f/9 and perhaps wider but this is partly due to a tarnished collimator. In the next phase, the fused hexabundles will be installed onto the Goodman spectrograph at the SOAR 4m telescope where a newly developed robot is able to place multiple bundles over a 5'×9' field (Cecil et al 2010).
THE FUTURE
We see many advantages arising from the use of hexabundles in wide-field surveys, both instrumental and astronomical in nature. These include:
Instrumental
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• Super-wide-field reformatting, AO or natural seeing, optical/IR • Simplified design through smaller cores (allowing for higher spectroscopic resolution if needed) • Less sensitive to seeing & seeing losses • Less sensitive to positioning error (hence cheap industrial robots can be used for positioning).
Astronomical
• Less sensitive to object distance, size • Less sensitive to asymmetry, sub-structure • Measurement of radial, vertical, azimuthal trends (e.g. morphology) • Better photometric and bolometric estimates (in other words, spectrobolometry) • Component decomposition now possible (e.g. nucleus, bulge, disk) • Differential binning to offset brightness variation (by analogy with adaptive binning in x-ray imaging).
Our on-sky tests impressed upon us the efficacy of using hexabundles. The core size in arcsec was not quite optimal but this was easily fixed with a monolithic lens; the bundle face can accept a complex AR coating more easily than a single fibre, and so on. We note that the weight and thickness of the fibre bundle does pose challenges for a robotic positioner that uses retraction (e.g. XY gantry) although this problem does not arise with Echidna or LAMOST positioning systems. It is also worth noting that the hexagonal pattern of cores must be circularized in larger formats such that the hexagonal numbers ( Fig. 1 ) are increased to fill the inscribed circle (see inset). Possible solutions are 1x91⇒1×109, 1×127 ⇒ 1×154, 1×169 ⇒ 1×199, 1×217 ⇒ 1×253, 1×271 ⇒ 1×313, 1×331 ⇒ 1×379, 1×397 ⇒ 1×451, and so on. This is necessary to ensure symmetric forces between cores in the plane of cross-section when the bundle is lightly fused.
Multi-object hexabundle spectrographs have the potential to revolutionize extragalactic astronomy in the same manner that single fibre multi-object spectrographs have done over the last decade. There is a broad range of breakthrough science that becomes possible for the first time. In a recent study (the FIREBALL project), we found that it would be possible to carry out observations of ~100,000 galaxies flux limited at r<20 mag in the redshift range z~0.2-0.3 in ~250 dark/grey nights of VLT time. This would enable measurements of dynamical mass in galaxies; studies of star formation and galaxy evolution; the impact of AGN; galaxy winds; merger rates; the build up of angular momentum; and resolving the biases inherent in single fibre spectroscopy. The project would require a substantial upgrade to the FLAMES instrument but would address a number of the most significant open issues in galaxy formation.
